Aim To compare Stratus-OCT measurements in controls, ocular hypertensive (OHT) patients with (FDT þ ) and without (FDTÀ) frequency-doubling technology (FDT) abnormalities, and in patients affected with early primary open-angle glaucoma (POAG). Methods Thirty-two controls, 78 OHT patients (38 FDTÀ and 40 FDT þ ), and 45 early POAG patients (six FDTÀ and 39 FDT þ ) underwent the following tests within 3 months: standard automated perimetry (SAP) HFA 30-2; FDT N-30-F; and, Stratus-OCT imaging with retinal nerve fibre layer (RNFL) and optic nerve head (ONH) scans. One eye per patient was considered. Differences among groups were evaluated using the Kruskal-Wallis, analysis of variance, and Duncan's tests. Results There were no significant differences in all Stratus-OCT parameters between POAG and OHT FDT þ patients. Statistically significant differences were found between the control group and both the POAG and OHT FDT þ groups for 15 of the 21 Stratus-OCT parameters. Control eyes compared to OHT FDTÀ showed significant differences in 13 of the 21 parameters. The comparison between the OHT FDTÀ group, and both the POAG and OHT FDT þ group resulted in 13 of the 21 parameters to be significantly different.
Introduction
The diagnosis of glaucoma is currently based on the appearance of the optic nerve head (ONH) and standard automated perimetry (SAP) testing results. 1 Histological studies have demonstrated that 30-50% of the retinal ganglion cells may be lost before visual field (VF) defects appear on SAP. 2 Reports have also shown that subtle structural ONH and peripapillary retinal nerve fibre layer (RNFL) defects can precede the development of detectable SAP VF loss in cases of early glaucomatous optic neuropathy (GON). [2] [3] Several techniques have been introduced over the past years aiming at detecting morphological and functional glaucomatous abnormalities earlier than conventional methods.
Frequency-doubling technology (FDT) is a nonconventional technique used to examine the VF developed in 1997, with the aim of detecting functional damage before SAP. [4] [5] [6] [7] FDT is based on the frequencydoubling (FD) illusion phenomenon first described by Kelly, 8 in which a sinusoidal grating of low spatial frequency and high temporal frequency produces a perceived image that is twice its actual spatial frequency. Some authors believe that FDT selectively analyses a subset of the magnocellular pathway, known as My cells, 9 whereas others question the mere existence of these cells in humans and believe this may be due to a more complicated processing that goes beyond a retinal level. 10 FDT has shown to offer good sensitivity and specificity in the detection of early glaucoma, [11] [12] [13] [14] and it has been reported to be a good predictor of future SAP VFs defects. [15] [16] [17] [18] [19] Optical coherence tomography (OCT), first described in 1991 by Huang et al, 20 is a noncontact, high-resolution technique using a scanning interferometer to produce cross-sectional images of the retina and peripapillary RNFL in vivo. 20, 21 Previous OCT versions have been shown to be useful in glaucoma diagnosis. 12, [21] [22] [23] [24] [25] Stratus-OCT (Carl Zeiss Meditec Inc., Dublin, CA, USA) is the latest version released in 2003, offering better axial resolution (8-10 mm), increased reproducibility, and ONH topography analysis for glaucoma diagnosis and followup. [26] [27] [28] [29] [30] Studies have shown enhanced discrimination with the Stratus-OCT for global RNFL thickness. 31 Both FDT and OCT have shown higher ability in the early detection of glaucoma than SAP. 18, 32 The aim of our study was to compare Stratus-OCT measurements between controls, ocular hypertensive (OHT) patients either with or without FDT defects, and patients affected with early primary open-angle glaucoma (POAG), in order to determine how well Stratus-OCT topographic parameters work in differentiating among these conditions.
Materials and methods
This observational cross-sectional study included 155 consecutive subjects: 78 patients with OHT, 45 with POAG, and 32 controls. Glaucoma patients were recruited from the glaucoma clinic at the Ophthalmological Department of the S Maria della Misericordia Hospital, Udine, Italy. Control subjects were recruited from staff members and volunteers. The research was conducted following the guidelines of the Tenets of the Declaration of Helsinki. Institutional Review Board (IRB) approval was obtained for the study.
After obtaining informed consent, all subjects underwent the following: complete ophthalmologic examination; central corneal thickness (CCT) measurements; SAP and FDT testing in random order; and Stratus-OCT imaging of the ONH and RNFL. All examinations were conducted within a 3-month period. To avoid confounding factors between eyes, only one eye per patient was randomly selected for analysis when both eyes satisfied the entry criteria.
The 34 criteria, in which at least one of the following was present in two consecutive examinations: (1) a cluster of X3 points in the pattern deviation probability (PDP) plot, located in areas that are typical of glaucoma, having a probability level of Pr5%, with at least one point having a probability level of Pr1%; none of the points could be edge-points unless they were located immediately above or below the nasal horizontal meridian; (2) PSD with a probability level of Po5%; (3) GHT 'outside normal limits'. Reliable criteria for HFA tests included falsepositive and false-negative responses o33% and fixation losses o20%. Only early glaucomatous SAP VF defects, having a MD better than À5.0 dB and a PSDo5.0 dB, were included.
FDT was performed with the FDT Visual Field Instrument (Welch Allyn FDT, Skaneateles Falls, NY, USA and Carl Zeiss Meditec Inc., Dublin, CA, USA) N-30 full-threshold test that has been described elsewhere. 4, 7 In brief, the FDT test stimulus consists of a sinusoidal grating of low spatial frequency, undergoing counter phase flicker at high temporal frequency at different contrast levels. The threshold value for each test location is defined as the minimal contrast at which the stimulus is perceived. The FDT N-30 test includes 19 stimuli (18 square 101 Â 101 targets and one central 51 Â 51 circular target) having a spatial frequency of 0.25 cycles/degree and a temporal frequency of 25 Hz. Only reliable FDT results were considered, which included fixation loss, false-negative and false-positive responses, all less than 2. According to the criteria proposed by Medeiros et al, 35 FDT results were considered abnormal if PSDo5% and/ or X2 areas with Po5% on the PDP plot were present. These criteria resulted in a specificity of 93.7% in the normal control group.
The patients were classified into the following four groups:
(1) control group (32 eyes In order to avoid bias in the evaluation of the Stratus-OCT diagnostic ability, patients were classified as having OHT or glaucoma on the basis of the IOP measurement and SAP results, regardless of the appearance of the ONH and RNFL. 36 OCT imaging was performed using Stratus-OCT (Carl Zeiss Meditec Inc., Dublin, CA, USA; software version 3.0). OCT principles have already been reported. 20 OCT scans of the ONH and RNFL were obtained using the 'Fast optic disc scan' and the 'Fast RNFL thickness 3.46 scan' protocols, respectively. ONH scans were generated from six 6-mm radial linear scans, 301 apart, each composed of 128 A-scan points, with mathematical interpolation to fill the gaps between the rays. The ONH margin automatically defined by the OCT software was used in order to avoid any type of subjective component. 25 The RNFL scan was generated from the mean of three 3601 circular 3.46 mm-diameter circumpapillary scans centred on the ONH. Each scan was derived from 256 A-scan points distributed along the circular circumference. Poor-quality OCT scans were defined as those having a signal-to-noise ratio o40 dB or the presence of overt misalignment of the surface detection algorithm of at least 15 consecutive pixels or 20 cumulative pixels. Stratus-OCT parameters considered in our analysis included: eight parameters listed on the 'ONH analysis results'; 11 parameters listed on the 'RNFL thickness average analysis report'; and the mean thickness values of the nasal (136-2251) and temporal (316-451) quadrants. Left eye results were converted in a right eye format for the analysis. Comparisons among the groups were made using the Kruskal-Wallis test and analysis of variance, and corrected for age using the general linear model procedure (in which age was processed as a covariate factor). Pair-wise multiple comparisons were made using Duncan's multiple range test. A P-value o0.05 was considered to be statistically significant. SPSS 11.0 program package (SPSS Inc., Chicago, IL, USA) was used for the statistical analysis.
Results
The population demographics, CCT, SAP, and FDT results are listed in Table 1 . Stratus-OCT parameters for both the Fast optic disc scan and for the Fast RNFL thickness scan that were all considered in the analysis are listed in Table 2 . The P-values of the differences between groups (Duncan's multiple range test) for all Stratus-OCT parameters are listed in Table 3 .
Control subjects were significantly younger than the other groups (Kruskal-Wallis test, Po0.02). SAP MD and PSD were highest in the POAG group; FDT MD and FDT PSD were greater in both the POAG and OHT FDT þ groups (Duncan's test, Po0.01). The mean CCT was significantly lower in the OHT FDT þ group (Duncan's test, Po0.05).
With regards to Stratus-OCT parameters (Tables 2 and  3 , Figures 1 and 2 ), there were no significant differences in all OCT parameters between POAG and OHT FDT þ eyes. Thirteen out of 21 parameters were significantly different when the OHT FDTÀ group was compared to both the POAG and OHT FDT þ groups (Table 3, Duncan's test, Po0.05). Statistically significant differences (Table 3 , Duncan's test, Po0.05) were also found for most parameters (15 of 21) when comparing the controls to the POAG and OHT FDT þ groups, with exception to disc area and all thickness ratio parameters (Imax/Smax, Smax/Imax, Smax/Tavg, Imax/Tavg, Smax/Navg). Statistically significant differences were found between control and OHT FDTÀ eyes for 13 of 21 parameters (Table 3 , Duncan's test, Po0.05).
Discussion
The present study aims to evaluate the presence of FDT and OCT abnormalities in controls, OHT and early POAG patients. Although one method analyses structure, the other pertains to function, comparisons between these two testing devices can prove to be beneficial, especially considering that both diagnostic techniques have been shown to be able to detect glaucomatous damage earlier than SAP.
14,18,32 FDT results in our study were used as the criterion for discriminating those OHT eyes at risk of developing glaucoma, considering that several longitudinal studies have demonstrated that FDT can detect signs of glaucomatous damage several years before the onset of typical SAP defects. 17, 18 Furthermore, a recent 37 which used an OCT prototype device, reported a greater likelihood of glaucomatous progression identified by OCT vs SAP, and concluded that OCT may be predictive of the future onset of SAP VF loss in patients at risk of glaucoma.
To the best of our knowledge, this is the first study designed to compare Stratus-OCT measurements in OHT patients, specifically considering those with and without FDT abnormalities. In our sample, FDT showed a sensitivity of 86.6% and a specificity of 93.7% in detecting early glaucomatous damage when using the criteria proposed by Medeiros et al. 35 This is in agreement with other studies that have reported FDT sensitivity ranging from 60 to 85% with specificity set at Z90% in patients with early glaucoma defined with SAP. 7, [11] [12] [13] Six of the 45 POAG patients showed SAP abnormalities without FDT abnormalities. This may be due to several possibilities: limitations of FDT in identifying all abnormalities; selection of criteria used in our study to define abnormality; SAP and FDT analyse different VF mechanisms; and, ganglion cell damage may not necessarily affect all early glaucomatous eyes in the same way. Statistically significant differences were found between the POAG and the OHT FDT þ groups for SAP MD and PSD, but not for FDT MD and PSD (Table 1) . These data may suggest that FDT can be useful in detecting glaucomatous VF damage in patients at risk earlier than SAP and are in agreement with several studies. [15] [16] [17] [18] [19] Our results showed that there were no significant differences in Stratus-OCT parameters between the POAG and OHT FDT þ groups,(Tables 2 and 3, Figure 1 and 2) and thus seem to show that eyes with early SAP abnormalities have similar structural changes to those having abnormalities strictly detected by FDT. These data suggest that Stratus-OCT has higher accordance to FDT as opposed to SAP, considering that all OHT patients had a normal SAP.
Most of the Stratus-OCT parameters (15 of 21) were significantly different between the control and POAG group (with exception to disc area and for all thickness ratio parameters). These results are in agreement with several studies that showed that both previous OCT versions, 12, [21] [22] [23] [24] [25] and the current Stratus-OCT 26-28 perform well in discriminating glaucomatous eyes with early SAP defects from control eyes. On the other hand, studies have shown that OCT and SAP do not correlate so well in glaucoma suspects defined as eyes with suspicious optic disc cupping and normal SAP. 38, 39 Numerous studies have shown the value of earlier OCT versions and Stratus-OCT in OHT and early glaucoma. 22, 32, [40] [41] [42] Our study shows that 13 out of 21 Stratus-OCT parameters were statistically significant different between OHT eyes with normal FDT results and those with FDT abnormalities (Tables 2 and 3 ; Figures 1 and 2 ). This finding suggests that patients with FDT VF defects may have more structural damage compared to those in whom no FDT defects have developed. Similar to our findings, Mok et al 32 used OCT 2000 to show that glaucoma suspects with an abnormal SAP had a thinner RNFL thickness than those with a normal SAP.
Thirteen of the 21 Stratus-OCT parameters were able to differentiate between controls and OHT FDTÀ eyes (Tables 2 and 3 ; Figures 1 and 2) ; however, MD, PSD (Table 1) , and number of locations with Po5% in the PDP plot (data not shown) of the SAP and FDT results did not show any statistically significant differences. Our findings suggest that Stratus-OCT may detect mild glaucomatous damage earlier than FDT and SAP. This is in agreement with a recent study by Bowd et al 12 that reported a higher diagnostic ability in discriminating between control and glaucomatous eyes for OCT 2000 compared to FDT, regardless of whether glaucoma was defined based on SAP results or optic disc appearance. Our results are in disagreement to the study by Stratus OCT and FDT in glaucoma and OHT P Brusini et al
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Mistlberger et al, 43 showing that there were no significant differences in OCT 2000 parameters between OHT eyes with a normal SAP from controls. Considering that SAP and FDT have shown similar predictive value in the future onset and location of SAP VF loss, 17 our results seem to indicate that Stratus-OCT has higher diagnostic ability than the previous versions, and that the inclusion criteria for OHT patients must be carefully considered. Furthermore, we attempted to limit the number of false-positive OHT subjects and consider the greater risks of developing FDT glaucomatous defects in thinner corneas by using the GAT correction factor based on CCT 44, 45 (see Materials and methods). There are some limitations in our study that should be noted. Considering that aging affects the RNFL thickness and ONH topography, 21 and that controls were significantly younger than the other groups (Table 1 , Kruskal-Wallis test, Po0.02), the comparisons among the groups were corrected for age using the general linear model of the analysis of variance, in which age was processed as a covariate factor. There was also a form of bias in the selection of controls, considering that inclusion criteria for this group required a normal ONH appearance in biomicroscopy. This was done in order to avoid the inclusion of subjects with GON and normal VF, but may have inadvertently caused an overestimation in the diagnostic accuracy of the Stratus-OCT parameters (especially ONH parameters). One last limitation is that there is a possibility that some of the subjects with an abnormal FDT or OCT results were false-positive. It is not possible to conclude from our results that FDT and OCT are able to strictly detect early inevitable glaucomatous defects, as our result might reflect an over sensitivity of these methods in selected cases that show abnormalities, but that will probably never develop in full fledge defects. Longitudinal studies are needed to determine the true predictive values of FDT and OCT.
In conclusion, Stratus-OCT measurements seem to show significant differences when subjects without VF defects (controls and OHT FDTÀ) are compared to those with functional loss detected with SAP and/or FDT, suggesting that OCT offers early detection of glaucomatous structural damage. Moreover, controls and OHT without SAP or FDT VF defects showed differences in more than half of the Stratus-OCT parameters. These results indicate that Stratus-OCT could be able to detect structural defects very early before the development of functional defects in patients at risk of developing glaucoma, which may prove to be helpful in making therapeutic decisions, especially in OHT patients. Long-term prospective follow-up studies are required to confirm the ability of the OCT in predicting future SAP and FDT VF defects.
